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Available online xxxxBackground: Total knee designs that attempt to reproduce more physiological knee kinematics
are gaining attention given their possible improvement in functional outcomes. This study
examined if a total knee designed for anatomic motion, where the soft tissue balancing was
intended to replicate anatomical tibiofemoral contact forces, can more closely reproduce the
laxity of the native knee.
Methods: In an ex-vivo setting, the laxity envelope of the knees from nine lower extremity spec-
imens was measured using a rig that reproduced surgical conditions. The rig allowed application
of a constant varus/valgus (V/V) and internal-external (I/E) torque through the range of motion.
After testing the native knee, total knee arthroplasty (TKA) was performed using the Journey II
bi-cruciate substituting implant. Soft tissue balancing was guided by targeting anatomical com-
pressive forces in the lateral and medial tibiofemoral joints with an instrumented tibial trial.
After TKA surgery, the laxity tests were repeated and compared to the native condition.
Results: The TKA knee closely reproduced the coronal laxity of the native knee, except for a differ-
ence at 90° ofﬂexion for valgus laxity. Looking at the rotational laxity, the implant constrained the
internal rotation relative to the native knee at 45 and 60° ofﬂexion. The forces on the tibial trial for
the neutral path of motion showed higher values on the medial side as the knee ﬂexed.
Conclusions: This study suggested that when using an anatomically-designed knee, the soft
tissue balancing should also aim for anatomical contact forces, which will result in close to
normal laxity patterns.
© 2018 Published by Elsevier B.V.Keywords:
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Anatomic motion
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Part of the reason why patients with a total knee arthroplasty (TKA) do not achieve similar functional scores to non-arthritic sub-
jects may be the abnormal kinematics after surgery [1–3]. For example, paradoxical anterior translation of the femur with respect to
the tibia can occur, without reproducing a medially pivoting action, while the knee ﬂexes [4,5]. Knee arthroplasties with kinematics
deviating from that of normal knees are at risk for reduction in quadriceps efﬁciency, anterior knee pain, and decreased range of
motion (ROM) [6], thus limiting deep knee bending and kneeling activities [7,8].
To overcome these deﬁciencies, attention has recently been given to total knee designs that aim to reproduce natural knee
joint kinematics. An example is the Journey II bi-cruciate substituting (BCS) design, which – in absence of the cruciate ligaments –
incorporates an anteroposterior stabilization system that relies on engagement of an asymmetric spine-cam. The design additionallyc Implant Design, NYU Langone Orthopedic Hospital, 301 East 17th Street, Suite 1500, New York, NY 10003,
er).
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this design can be considered as one of the more anatomically designed implants in today's market. As a result, it is referred to as an
anatomical total knee design in the remainder of this paper. Note that this deﬁnition does not necessarily imply full anatomical func-
tionality, i.e. reproduction of the natural knee joint kinematics and laxity. In literature, limited evidence is available in that respect. In
an in-vivo ﬂuoroscopy study, Catani et al. and Kuroyanagi et al. have showed that this design philosophy has the potential to restore
physiological knee jointmotion [10,11]. Other studies showed that this design philosophy can improve the functional outcome after a
one-year follow-up [3,12].
The above data is indicative that relying on more anatomic design allows better approximation of normal kinematics and leads
to improved outcomes. However, this might also depend upon the surgical ability in restoring the pretension of the ligaments.
Soft tissue balancing is an important part of a total knee procedure to achieve an optimal level of laxity by adjusting the soft tis-
sues that surround the knee. To achieve this quantitatively, different instrumented sensors and devices are currently available
[13–15]. In this paper, we focused on a particular instrumented tibial trial that provided real-time, intra-operative measurement
of the tibio-femoral contact forces on the medial and lateral tibial plateaus.
The main aim of this study was to determine if an anatomically designed TKA, where anatomic tibio-femoral loads were
targeted, produced a close reproduction of the laxity of the native knee.
Our ﬁrst hypothesis was that the varus–valgus and internal–external rotational laxity of a BCS TKA would replicate the laxity
of an intact knee.
Our second hypothesis was that through the soft-tissue balancing technique achieved using an instrumented tibial trial, the
intraoperative medial and lateral loads during the neutral path of motion of the balanced knee would reproduce anatomic loads.
2. Methods
2.1. Specimens
Nine fresh-frozen lower extremity specimens with an average age of 68 years old (range 55–84, standard deviation (SD) 10.4)
and average body mass index (BMI) of 20.3 (range 15.1–25.1, SD 3.8) were tested. Specimens were screened to meet the follow-
ing inclusion criteria: male subjects, Kellgren–Lawrence score b2 and no lower limb surgery. Each specimen was defrosted for
72 h and then mounted into the test rig. Muscle and soft tissue were left intact. An additional three specimens were used for
method development. No institutional review board (IRB) was required for this study.
2.2. Test set-up
A custom mechanical rig that emulated surgical conditions was constructed (Figure 1). The pelvis was constrained in an ad-
justable frame at the top of the table. After ensuring normal knee and ankle alignment, two pins were drilled into the ilium, ﬁxingFigure 1. Test set-up of the experiment showing the mechanical rig with the mounted specimen. I/E meaning internal/external.Please cite this article as: Salvadore G, et al, Laxity and contact forces of total knee designed for anatomic motion: A cadaveric
study, Knee (2018), https://doi.org/10.1016/j.knee.2018.04.014
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rotation and abduction of the femur. Hence, the femur was constrained to only ﬂexion about the mediolateral axis of the knee.
The ankle was then ﬁxed into an adjustable frame by means of a primary transverse 10 mm rod that passed through the malleoli
and a secondary six millimeter pin through the proximal third of the tibia. The ankle frame was mounted on low friction ball
bearings, which allowed for medial and lateral translation. At the same time the ankle frame could internally and externally rotate.
In addition to this free motion, a known internal/external (I/E) and varus/valgus (V/V) moments could be applied to the tibia.
The V/V load was applied by means of a weight acting along the medial–lateral rail. The I/E torque was applied by means of a U-
joint which transferred a known torque created by a pulley system.
Hence the tibia was allowed ﬁve degrees of freedom, the femur just one. The possible directions in which the knee could be
moved are shown on the computer-assisted design (CAD) model in Figure 2 as follows:
– R1: ﬂexion and extension of the femur
– R2: free rotation around the medial–lateral axis of the tibia (ﬂexion/extension rotation)
– R3: free rotation around the mechanical axis of the tibia (internal/external rotation)
– R4: free rotation around the anterior–posterior axis of the tibia (varus/valgus rotation)
– T1: free translation along the proximal–distal direction
– T2: free translation along the medio-lateral axis of the tibia
This set-up aimed to replicate intra-operative surgical conditions on the anesthetized patient, therefore no muscle activation
was applied.
2.3. Motion and laxity measurements of native knee
After mounting the specimen in the rig, a navigation system (AWD version 5.0, Stryker, Michigan, USA) was installed, which
included trackers rigidly attached to the femur and tibia. The system recorded the relative movement of the tibia with respect to
the femur. A series of thigh-pull tests were performed to record the neutral path of motion and the laxity for the intact knee. The
aim of the thigh-pull test was to ﬂex the knee in a consistent and controlled way: the surgeon lifted the horizontal arm rigidly
attached to the femur causing ﬂexion of the knee from 0 to 100° [16]. First, thigh-pull tests were performed to record the neutral
path of motion. Then, a load of approximately 24.5 N was applied along the medio-lateral rail, causing a varus or valgus moment
of 10 Nm at the knee. The thigh-pull test was subsequently repeated under an externally applied varus resp. valgus moment. The
varus (valgus) laxity was then deﬁned as the absolute difference in tibio-femoral angle measured by the navigation system be-
tween the varus (valgus) test and the neutral path of motion. After that, an internal/external rotational test was performed.
A load of 19.6 N was attached to a wire at the end of the pulley system. The torque was transmitted to the tibia by the U-shape
joint and pulley connected to the tibial frame, creating an internal or external rotational moment of two newton meters to theFigure 2. CAD model of the rig showing the degrees of freedom of the knee.
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corded using the surgical navigation system. The rotational laxity was deﬁned as the difference of the angles between the neutral
path of motion and the internal/external laxity test.
2.4. Balancing and contact forces
After testing the native knee, a primary total knee arthroplastywas performed using a BCS implant (Journey II, Smith and Nephew,
Memphis, TN, USA). The bone cuts were performed with an optical navigation system using a measured resection technique. A
subvastus approachwas used. The femoral and tibial alignmentwas obtained using surgical navigation aiming for neutral mechanical
alignment, including a tibial cut perpendicular to the tibial mechanical axis (Stryker, Michigan, USA). Subsequently, trial components
were inserted. The tibial liner trials were thereby substituted by sensorized trials (Verasense, Orthosensor, Dania Beach, Florida, USA),
which measured the medial and lateral tibiofemoral contact forces and both tibiofemoral contact points. Based on these contact
points, tibial rotation was derived, such that no excessive tibiofemoral rotation was present in full extension. After determining the
thickness of the trial, based on achieving full extension using the sag test [16], the knee was balanced using an algorithm of speciﬁc
surgical corrections based on the sensor-derived medial and lateral compartmental loads [17].
Balancing was thereby quantitatively deﬁned using the compartmental load ratio (CLR), deﬁned as the ratio of the medial force
over the total forcesmeasured on the tibial plateau (Fmedial∕ (Fmedial + Flateral)). A ratio of 0.5 indicates equal lateral andmedial forces.
This target has traditionally been the target for standard total knee designs [15]. However, the implant design considered in this study
more closely represents the native anatomy (e.g. including an oblique joint line). Consequently, the target was modiﬁed to allow for
higher forces on themedial side compared to the lateral, particularly in high ﬂexion. The target loads thereby more closely match the
condition of the intact knee, associated with rollback of the lateral femoral condyle in ﬂexion and relaxation of the lateral collateral
ligament [18]. Relativelyminor surgical correctionswere needed, attributed to thenormal non-arthritic status of the specimen.Details
regarding the surgical corrections performed on each knee are given in Appendix A.
After balancing the knee, the parapatellar arthrotomy was sutured and the unloaded thigh-pull tests were performed, followed
by the laxity tests (varus/valgus and internal/external rotation).
2.5. Statistical analysis
Descriptive statistics including mean, SD and range are presented for continuous variables. The Shapiro–Wilk test for normality
was applied to the variables in order to verify normality, which was the case for all data presented in this paper. The laxity dif-
ferences were subsequently assessed using a two-sided paired t-test.
3. Results
3.1. Laxity measurements of native and TKA knee
The coronal and rotational laxities were averaged for the nine specimens and plotted as a function of the ﬂexion angle (Figure 3).
All the specimens reached at least 90° of ﬂexion. Varus angles are represented with a positive sign, while valgus with a negative. TheFigure 3. Coronal (A) and rotational (B) laxity measurements averaged for the nine specimens tested. The shaded areas surrounding the solid lines represent the
standard deviation. Signiﬁcant differences indicated by symbol.
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average valgus laxity of the TKA matched the intact knee laxity up to 45°, then started to increase, reaching a signiﬁcant difference
(p b 0.05) of four degrees at 90° of ﬂexion (Figure 3A). The internal rotational laxity of the BCS TKA knee was lower than the laxity
of the native knee for the whole range of motion, with signiﬁcant differences at 45 and 60° of ﬂexion. The average of the external
rotational laxity of the BCS TKA implant was higher than that of the native knee (Figure 3B) but no signiﬁcant difference was found
between the two cases.
3.2. Contact force and CLR
The compartmental loads (medial and lateral) and the CLR averaged for nine knee specimens are plotted as a function of the
ﬂexion angle (Figure 4). The compartmental loads are the loads recorded during the thigh-pull test for the neutral path of motion
(no external load applied). The lateral load decreased as the knee ﬂexed, while the opposite was the case for themedial side. Theme-
dial load showed a higher standard deviation at higher degrees ofﬂexion,while the standard deviation of the lateral load decreased as
the ﬂexion angle increased. The trend of the compartmental loads was reﬂected in the CLR during neutral path of motion. The CLR
started with a value of 0.41 at full extension and then slowly increased until reaching 0.80 at 90° of ﬂexion. The CLR increase during
the range of motion corresponded to the transmission of the majority of the load through the medial side after 30° of ﬂexion.
4. Discussion
This study focusses on the ability to replicate the laxity of the native knee after total knee arthroplasty. Therefore, a speciﬁc knee
implant design was considered, that replicates the intact knee anatomy in various ways, notwithstanding both cruciate ligaments are
replaced by a post and cammechanism. In a cadaveric setting, we have demonstrated that by targeting anatomical tibiofemoral con-
tact force levels in themedial and lateral compartments during surgery, the coronal and rotational laxities approximate, if not match,
the laxity of that particular knee before TKA surgery.
Instability remains a primary cause of revision surgery [19–21]. In an attempt to restore the stability of the intact knee, we hypoth-
esized that implant design and the knee speciﬁc soft tissue balancing at surgery are interrelated concepts and mutually inﬂuence the
laxity envelope of the replaced knee. On the onehand,we implemented a total knee design that, through various design features, aims
to mimic the intact knee anatomy. On the other hand, to handle soft tissue balancing during surgery, our surgical approach relied on
the use of instrumented tibial inserts. These sensors allowed targetingmedial and lateral compartmental load levels representative for
the intact knee during arthroplasty surgery [18].
Looking at the coronal laxity of the intact knee, we found that the varus laxity was slightly higher than the valgus laxity at a given
ﬂexion angle. This conﬁrms earlier publications on both in-vivo and in-vitro studies [22–24]. After TKA surgery, and considering the
intraarticular loads, we were able to replicate this laxity signature remarkably well. However, from 45° of ﬂexion onwards, a slightly
increased valgus laxitywas observed. This difference became statistically signiﬁcant at 90° of ﬂexion. To appreciate this difference, the
primary stabilizers for coronal stability should be considered, namely the medial and lateral collateral ligaments [25]. The increased
valgus laxity is hence linked to a decreased stiffness of the medial collateral ligament compared to the intact knee at these ﬂexion
angles. The ligament's stress–strain properties are characterized by a strongly non-linear relationship, with an increasing stiffness
as the tension in the ligament increases [26]. Therefore, the low stiffness of the medial collateral suggests that the pretension in theFigure 4. Average of the medial and lateral compartmental loads (A) and of the compartmental load ratio (CLR) during the neutral path of motion (B). The shaded
areas surrounding the solid lines represent the standard deviation.
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between laxity and intraarticular loads, it is fair to assume that the pretension in these collaterals is directly assessed using these
sensors [27]. Hence, the increased valgus laxity likely indicates that the load in themedial compartment was still too low to replicate
the laxity signature of the intact knee, despite the unequal CLR that was targeted during soft tissue balancing.
Looking at the rotational laxity, the obtained values for the intact knee are again comparable to previous publications [24,28].
However, when the prosthesis is implanted, there is a signiﬁcant decrease of the internal rotational laxity during mid-ﬂexion
(45–60°). For the intact knee, the cruciate ligaments are the primary stabilizers for rotational stability [25]. Both are however
sacriﬁced during TKA surgery. Therefore, the reason for this discrepancy is believed to be attributed to either the tension in the sec-
ondary stabilizing structures (the collateral ligaments) or the implant design. The former appears unlikely, given the excellent agree-
ment in coronal stability between the intact and TKA knees in this ﬂexion range. Hence, the implant design is deemed responsible for
this reduced internal rotation. The implant seemed to constrain the tibial internal rotation (external rotation of the femur) and
allowed for slightly more tibial external rotation compared to the intact knee. This phenomenon is attributed to the asymmetric
post-cam mechanism of this particular design, whose aim is to engage the femoral component during ﬂexion (at about 50–60°)
[9]. However, this cam may in principle also prevent tibial internal rotation at those speciﬁc degrees of ﬂexion.
With a minimal number of surgical corrections, as detailed in Appendix A, the knees tested during our test series indicated
that the majority of the load was transferred through the medial compartment after TKA surgery. This was particularly the
case at higher ﬂexion angles, with an average CLR of 0.80 at 90° of ﬂexion. In contrast, the medial and lateral loads were almost
identical near full extension (CLR of 0.4–0.5). These load levels resemble the distribution observed for intact knees, as demonstrated
by earlierwork from our group [18]. This resemblance is not surprising given the various anatomical design features of the considered
implant system, e.g. difference in tibial height between themedial and lateral compartments resulting in a joint line obliquity, and the
low arthritic nature of the tested knees.
The clinical implications of this study focus on preventing knee instability and minimizing the risk for requiring post-operative
manipulation under anesthesia. We have demonstrated that restoring knee stability to levels observed in intact knees is possible,
when taking into account the interplay between implant design and soft tissue balancing. The target load levels can thus be linked to
the implant design. For our study, considering the anatomically designed implant, the stability of the intact knee is restored after TKA
surgery by targeting lower lateral than medial compartmental loads; a situation that closely resembles the intact knee [18]. This con-
trastswith previous studies that aimed for equal loads in themedial and lateral compartments [17,29]. Nevertheless, using these equal
target loads appeared successful in these papers, given the excellent patient reported outcomes. This discrepancy in target loads is
therefore accepted as the implants considered in those studies had a geometric symmetrical medial and lateral tibial plateau that
may hence beneﬁt from a more symmetrical (CLR = 0.5) load distribution.
A limitation of this study is that the specimens were close to normal without arthritic changes, and hence not reﬂecting any soft
tissue balancing which might be required under actual surgical conditions. At the same time, this allowed us to assess the load pat-
terns without the need for numerous, complex soft tissue releases. Furthermore, although we determined that the laxity and contact
force patterns after implantationwere similar to those in the native knee, this does not in itself imply the reproduction of this behavior
on human subjects. This would need to be veriﬁed with an appropriate clinical study where this paper can be the base of.
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Appendix A
In this paper, surgical corrections are used to indicate surgical adjustments to achieve an equal load balance at the knee. Two
major categories are identiﬁed based on earlier work, namely soft tissue adjustments and bony adjustments [16]. The soft tissue
adjustments consisted of subtle pie-crusting of the listed ligaments, though it is acknowledged that these were not exactly quan-
tiﬁed. Table number 1 provides an overview of the surgical corrections performed in each experimentally assessed knee.Specimen # Surgical corrections
4 None
5 Bone cut on the distal femur
6 None
7 None
8 Soft tissue release of popliteus
9 Soft tissue release of the anterior part of the medial collateral ligament
10 Soft tissue release of the medial collateral ligament
11 Soft tissue release of lateral collateral ligament
12 None
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